It has been estimated that approximately 50% of individuals exposed to Mycobacterium tuberculosis never become tuberculin skin test positive, which may indicate that successful human immunological responses are able not only to inhibit mycobacterial growth, but also to kill the bacteria. Nevertheless, it has been extremely difficult to reproduce this effect in vitro and the ability of human phagocytes to eliminate the bacteria is controversial. This is one of the reasons why we do not fully understand either tuberculosis resistance or susceptibility. Nowadays there is a pressing 
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Introduction
At the middle of the twentieth century the eradication of tuberculosis was considered feasible. Although several problems were anticipated, it was thought possible to strengthen the control programs of the disease to the point of its total elimination. 1 The failure of these predictions became obvious when in 1986 the downward trend of the incidence rate of tuberculosis reversed. The reasons are several and complex, including the arrival and spread of HIV infection, the immigration of people from high-prevalence countries and the deterioration of tuberculosis control. 2 Nowadays, the goal to eliminate tuberculosis has been set for 2050, but it will not be met with present strategies and instruments. Besides actions like scale-up of early diagnosis and proper treatment or development of bold health-system policies, we will need to increase the promotion and intensification of research towards innovations. 3 It was very soon recognized a wide range of susceptibility to tuberculosis, which was tragically apparent in the Lubeck disaster (1929) , in which a virulent strain of M.
tuberculosis was inadvertently inoculated to more than two hundred newborns instead of the BCG vaccine. The results were dramatic and 29% of the babies died.
Nevertheless, the fact that 54% of the infected babies that suffered the disease recovered 4 , provided evidence that strongly supported the influence of genetics on the tuberculosis susceptibility. In addition, nearly 50% of individuals exposed to Mycobacterium tuberculosis never become tuberculin skin test positive 5 , which may indicate that the bacterium is removed by the innate immunity. We have accumulated a large body of knowledge about the immune response to M. tuberculosis, that largely depends on the IL-12-IFNγ axis 6 , but we do not know whether there are immunological mechanisms able to completely eliminate the microorganism and if they exist, which their nature are. There are several candidate processes that may determine eradication or mycobacterial growth restriction, such as reactive oxygen or nitrogen species production 7, 8, 9 , antimicrobial peptides production 10, 11, 12 , hydrolytic enzymes and pH regulation 13, 11 , apoptosis 14 The importance of NO in the antimycobacterial activity of human cells is less clear but several lines of evidence support the participation of this defence mechanism 9 . In this review I will focus on the analysis of in vitro models of infection that have been devised to study antimycobacterial activity in human cells.
The mycobacteria
The more important pathogen of the Mycobacterium genus is M. tuberculosis.
Nevertheless, other mycobacteria from either the Mycobacterium tuberculosis complex or from the nontuberculous group cause disease. 21 Clinical strains also behave in a variable way. The growth rate of M.
tuberculosis within isolated human macrophages in vitro has been correlated to the ability of the strain to spread and infect multiple individuals within a community 34 , as well as the ability of the strain to establish extrapulmonary disease 35 . The in vitro growth rate is also associated with the phylogenetic lineage 32 , their isolation from tuberculosis meningitis 30 or the epidemiological evidence of their virulence 36 . In contrast, there is also a report that indicates that regardless of the strains origin (large, small or unique clusters in the community), they did not exhibit differences in intracellular growth. 37 From these studies it may be concluded that the strain selected for in vitro infection experiments will determine the kind of results obtained.
Human cellular models
Undoubtedly, the monocyte isolated from peripheral blood is the more important model for primary cell infection. It is easily obtained and may be differentiated in vitro to macrophages, the main cell target of M. tuberculosis. to be among the first cells to phagocyte the bacilli in the lung. 44 Occasionally, other human macrophage models, like microglia 45 , are investigated. The other important phagocyte, the neutrophil, has also been considered as a cellular model for M.
tuberculosis infection 46 . Other immune cells, like lymphocytes, have been described in cocultures with infected macrophages. 42 Finally, a very interesting model is whole blood 47 , which contains many components of the immune system that may cooperate in the elimination of the bacilli but is, on the other hand, very difficult to analyze given the complexity of the cellular and humoral interactions that take place in this tissue.
Human cell lines has also been used for a long time as infection models. 48 Lines that may be differentiated to monocyte and macrophage-like cells, like THP-1 49 , HL60 50 and U937 51 , have been successfully analyzed for intracellular multiplication of M.
tuberculosis. Furthermore, M. tuberculosis have been described to invade and grow within other non-phagocytic cell lines, like HeLa 48 or A549 52 , allowing the study of the participation of non-immune cells in tuberculosis.
Infection protocols
An infection experiment with M. tuberculosis is a multistep process that demands careful planning and much experience. The most frequently used methods are presented, but each of them has numerous small variations that will not be detailed. For the analysis of antimycobacterial activity the protocol may be divided as follows:
M. tuberculosis growth and individualization
The manipulation of mycobacteria is very difficult because they are highly hydrophobic. The main consequence is that bacilli remain together after division,
forming very large clumps of bacteria that may be difficult to phagocyte. Therefore, we need to disperse them in such a way that bacterium are isolated from each other. Several between live (green) and dead (red) bacteria. After trying the described methods, at our laboratory we favour the growth in solid media, the individualization of bacteria by using a sonicator with a microtip, followed by low speed centrifugation, and CFU quantification in solid media.
Cellular purification
As already indicated, the more important cellular models are monocyte-derivedmacrophages and neutrophils. The latter are easily isolated by consecutive steps of dextran sedimentation, density centrifugation in Ficoll-Paque and lysis of contaminating red blood cells. 56 The purity of the cell preparation is often above 98%.
The more widespread method for monocyte purification is the isolation of mononuclear cells by Ficoll-Paque 57 , and depletion of lymphocytes using the adherence method, taking advantage of the fact that monocytes adhere to plastic and lymphocytes may be removed by extensive washing. Nevertheless, the proportion of monocytes is variable among donor, and the addition of equal number of mononuclear cells does not guarantee similar number of monocytes. Moreover, in our experience, it is difficult to perform a homogeneous wash in every well, and there is some variation in the number of cells that remain adhered. Finally, there might be a selection against weakly attached monocytes. Despite these disadvantages this method is popular because is easy to perform, reliable and inexpensive. The cellular adherence attribute is also useful for the purification of alveolar macrophages from bronchoalveolar lavage. Counting the number of adherent monocytes is complicated by the fact that they can be difficult to detach from the wells. The preferred method of quantification is based on the lysis of cells with detergents and subsequent quantification of nuclei stained with naphtol blue black. 58 The other two purification methods that are often used by researchers in the tuberculosis field is elutriation, which requires specific instrumentation, and positive immunomagnetic separation using a monoclonal anti-CD14 antibody labelled with superparamagnetic particles. Immunomagnetic separation is our method of choice because it allows the quantification in a counting chamber and, consequently, a uniform number of cells in every well, but it is expensive. In all cases, purity of monocytes is usually above 95%, and after a few days they differentiate to macrophages. In the first reports of antimycobacterial activity assays sometimes monocytes from several donors were mixed to increase the number of cells available for experimentation. Nowadays, this practice is not usual because monocytes from each volunteer allow different levels of intracellular multiplication 59, 37, 32 , and this variability information is lost in pooled monocytes.
Cellular infection
This step is likely to be the one that has the most important influence on the final outcome of experiments dealing with analysis of antimycobacterial activity. Besides the selection of the bacterial strain and the cellular model, two main factors, multiplicity of infection (MOI) and incubation media, may change depending on the experimental design.
Large MOI (5-100 bacteria per cell) induce necrosis and apoptosis 60, 61 , which will greatly interfere with the intracellular multiplication of M. tuberculosis. For this reason, infected cells are incubated for a short period of time (1 hour to overnight) and non-phagocyted bacteria are removed by extensive washing. Again, the washing procedure will increase the manipulation of the samples and introduce technical variability, because is difficult to ensure that every well is washed in the same manner.
An alternative is the use of low (1) or very low MOI (<0.1). In this case, many or most cells are not infected, as it is supposed to happen at the beginning of the tuberculosis infection, and no washes are needed. Although most bacteria are assumed to be phagocytosed, some will remain free and may multiply extracellularly, creating artifacts that need to be taken into account with appropriate controls. For assays other than the analysis of antimycobacterial activity it is usually necessary to perform in vitro infections with high MOI in order to detect any effect of interest, like cytokine or reactive oxygen species production.
There are several incubation media appropriate for in vitro infection. In primary cultures the standard medium is RPMI 1640 supplemented with foetal bovine, heterologous or autologous serum. The use of a large stock of foetal bovine or heterologous serum allows more homogeneous experimental conditions, but the most preferred supplement is autologous serum because not only takes into account biological variations in cellular characteristics but also in serum factors. Serum free medium has only recently become available, allowing an increased uniformity in the assays 62 . Serum-free media may be used because M. tuberculosis does not strictly need opsonisation to be phagocytosed. 63 
Cell lysis and quantification of mycobacterial growth
Experiments designed to determine the survival of mycobacteria within host cells require that a method be established for the quantification of surviving bacteria.
The first attempts to analyse the level of intracellular multiplication were the staining of intracellular mycobacteria, and express the quantification under the microscope as the mean number of bacilli per macrophage. 42 Soon after, the need to know the total number of bacteria prompted the development of a method to release the intracellular bacteria for direct quantification. This was accomplished by developing cellular lysis procedures that did not affect bacterial viability, based on the method reported by BiroumNoerjasin for listerial in vitro infection 64 , with the use of sodium dodecyl sulphate (SDS) and neutralization of the detergent with bovine serum albumin. 17 This method is still widely used, sometimes with minor variations like the change of the detergent to Triton-X100 or digitonin. Released bacteria are then serially diluted and plated, usually onto 7H10 or 7H11 solid media. After more than 15 days the number of colonies is counted as CFU. This length of time may be drastically reduced by growing the released bacteria in liquid media (usually in 7H9 medium) where, because of their hydrophobic nature, they will form microcolonies that can be counted under an inverted microscope. 65 An additional advantage of this method is that samples may be aliquoted in 96 wells plates, with important savings in media consumption and storage space in the incubators. An inconvenience of the detergent lysis method is that SDS lysis affects the growth in liquid of mycobacteria like M. gordonae (unpublished results). As an alternative method, bacteria may be released by ultrasonication, using a sonicator with a microtip. 66 We have chosen this approach because it requires minimal manipulation; it does not add reagents to the culture and it does not inhibit the growth of any tested mycobacteria.
Whatever the method utilized for CFU quantification, many days are needed to allow the bacteria to form colonies. Faster indirect methods have been developed for mycobacterial growth quantification. The first one was the [H 3 ]-thymidine incorporation to the nucleic acids from intracellularly growing mycobacteria. 67 Later, other techniques were devised, including quantification by use of the BACTEC system (Becton Dickinson) 47 or by using a mycobacterial reporter strain (usually BCG) transformed with luc, that encodes the enzyme luciferase. 68 Nevertheless, determination of CFU remains the method of choice for most researchers.
Antimycobacterial activity
The first reports of human phagocyte infections with mycobacteria described an unrestricted intracellular growth of M. tuberculosis 42 73 . Nevertheless, in an early report from 1985 this cytokine was found to be unable to stimulate the antimycobacterial activity of human macrophages in vitro 17 .
Afterwards, other studies presented evidence of M. tuberculosis killing by either monocytes 74 or neutrophils 75 . In spite of this, the efforts of other investigators to reproduce these results were unsuccessful 76, 77 . In an attempt to make sense of these disparate results, we designed an experiment with very well defined experimental conditions in which we infected simultaneously monocyte derived macrophages and neutrophils from the same donors with both M. tuberculosis and M. gordonae, a nonpathogenic mycobacteria, in the presence of IFNγ. We could not detect any killing in either cellular type for any of the microorganisms 78 . A comparable result had been previously obtained by Robertson and Andrew for M. phlei, another non-pathogenic mycobacteria 79 .
Looking for mycobactericidal activity, some research groups have tried to stimulate human macrophages with many cytokines. Bonay et al performed infections with a mycobacterial reporter strain (luc transformed BCG), and activated macrophages with 19 cytokines 68 , but they observed that only IL-3 and GM-CSF were able to promote some bacteriostatic activity. In another study, Vogt and Nathan also tested a large number of cytokines, and they reached several interesting conclusions regarding the experimental conditions 80 . They observed that RPMI-1640 medium supplemented with foetal calf serum failed to control BCG replication of any remaining free bacteria, whereas 40% human plasma improved cell survival and did not allow extracellular BCG replication. They analyzed several variables like the influence of cytokines, culture media or time of infection. Macrophages were able to kill M. bovis BCG, and severely limit the replication of M. tuberculosis for several weeks if differentiated in 40% human plasma under 5%-10% (physiologic) oxygen in the presence of GM-CSF and/or TNFα followed by IFNγ. Control was lost with fetal bovine serum, 20% oxygen, M-CSF, higher concentrations of cytokines, or premature exposure to IFNγ 80 . Another factor that is undoubtedly important is the interaction between cytokines in the modulation of the antimicrobial activity of macrophages. It is common to test some cytokines simultaneously, specially IFNγ and TNFα, and several groups have analyzed several different cytokines together 78, 80, 81 . In a third revealing study by Jordao et al, different sources of phagocytes were analyzed, rather than treatment with various cytokines 82 . They found that infection of phagocytes from murine, human or bovine origin with BCG or M. bovis either allowed or inhibited mycobacterial growth. Thus, BCG was killed more efficiently by J774 than by Raw, two murine macrophagic cell lines. On the other hand, both murine bone marrow derived macrophages and bovine monocyte derived macrophages could kill BCG, but not human monocyte derived macrophages. It is complicated to make a suitable interpretation of this kind of data and more information is needed before we reach a good understanding of the mycobacteriaphagocyte interaction.
In isolated reports there are claims regarding the induction of bactericidal activity against M. tuberculosis in human cells. Kusner show us the immunological mechanisms that actually take place in infected resistant individuals or patients.
Statistical data analysis
The selection of an appropriate statistical test to analyze the influence of treatments on the intracellular multiplication of M. tuberculosis will have a large influence on the ability to detect relevant effects. The log transformation of CFU data usually allows parametric testing using the Student's t-test, either paired or unpaired, for two group mean comparisons or ANOVA for several group mean comparisons.
Alternatively, non-parametric testing is also appropriate, using either the Mann-Whitney U test or the Kruskal-Wallis for comparisons between two groups or among several groups, respectively. Nevertheless, this approach very frequently qualifies mean differences as non-significant. Slow mycobacterial growth, and the particular resistance of the intracellular pathogen makes it difficult to detect biologically meaningful effects.
In a recent report we have taken advantage of the Design of Experiments methodology (DOE) based on factorial designs 91 92 , which we had never been able to observe with one-factor-at-a-time experiments 78 , and has been very useful for identifying factors that influence mycobacterial growth, like cytokines, age or protein tyrosine phosphorylation inhibitors. Even when we are interested in only one factor, the addition of factors like
IFNγ as controls will facilitate the use of DOE. A further advantage of DOE is that allows the optimization, in a series of experiments, of the amounts of each factor that will result in the best response. Nevertheless, it is very difficult to find quantities that are adequate for every individual, and possibly only a range of suitable amounts may be determined.
Conclusion
We need all the tools available to get the information that will allow us to implement strategies to reduce the burden of tuberculosis. tuberculosis constitutes an excellent model to characterize the immune response to intracellular pathogens. Although discouraging, the extreme difficulties to activate human immune cells to kill M. tuberculosis is a testimony to the extraordinary adaptation of this pathogen to its host. Nevertheless, its enormous clinical importance should prompt us to keep testing in vitro the hypothesis that the human immune system is able not only to control the growth of the microorganism but also to fully eliminate it.
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